An efficient two-step route to a broad range of aza-and diazaindoles was established, starting from chloroamino-N-heterocycles, without the need for protecting groups. The method involves an optimized Suzuki-Miyaura coupling with (2-ethoxyvinyl)borolane followed by acetic acid-catalyzed cyclization.
Introduction
Azaindoles form the core of many biologically active compounds, such as kinase inhibitors, and are therefore often employed in drug discovery programs. 1, 2 The synthesis of the azaindole scaffold can prove challenging, and several of the classical indole formation methods, such as the Fischer indole synthesis, give poor results or require the use of protecting groups. 3 We wished to develop a robust method of synthesizing a variety of aza-and diazaindoles from readily available, inexpensive starting materials, in particular, chloroarenes, such as 1 (Scheme 1), which would be useful for preparing libraries for fragment-based approaches to drug discovery. 4 We were particularly interested in access to azaindoles without substitution in the 2-position since this is often preferred in kinase drug discovery programs.
5 Several literature methods start from haloaminopyridines and install the 5-membered ring through a Pd-catalyzed C-C coupling reaction (Sonogashira, Stille, Suzuki-Miyaura, or Heck) and subsequent cyclization. However, few, if any, such existing methods have been shown to be applicable to the synthesis of all azaindole regioisomers, especially 5-azaindole.
3,6-9 Furthermore, most of the examples described start from the corresponding bromides or iodides or begin from the halonitroarene.
10, 11 We wanted to use chloroarenes as they are often cheaper and more readily commercially available than bromo-or iodoarenes, although they are generally known to be more difficult coupling partners in Pd-catalyzed cross-coupling reactions. 12 Of all the chloroaminopyridines available, 4-amino-3-chloropyridine 1 (Scheme 1) was considered the most difficult regioisomer to couple in Pd-catalyzed reactions for two reasons: (i) the chlorine atom on the ring is meta to the pyridine nitrogen atom and thus is less activated and (ii) the position of the amino group para to the pyridine nitrogen makes the whole molecule rather basic (pK a = 7.2) and strongly coordinating. 13, 14 To the best of our knowledge, use of this unprotected substrate in a Pd-catalyzed coupling reaction has never been reported.
Results and Discussion
Our initial attempts at this transformation included Sonogashira coupling of trimethylsilylacetylene (it was presumed the TMS group could be removed from the 2-position at a later stage) followed by base-mediated cyclization, described by McLaughlin, 15 but this left the starting material 1 intact. Also tested was the use of an ethoxyvinyltin reagent in a Stille coupling (prior to acid-mediated cyclization)
16 but, with substrate 1, this proceeded in only 7% LC yield. The low yield and the toxic nature of the tin reagent prompted us to use the respective borolane, a catechol version of which has been described for the synthesis of 7-azaindoles from 2-amino-3-iodopyridine.
17,18
Borolane 5 is commercially available 19 or can be synthesized in one step (Scheme 2) by Cp 2 ZrHCl-catalyzed hydroboration 20 of ethoxyethyne 4. Borolane 5 could be obtained in 92% yield through use of an optimized purification procedure involving filtration through a pad of neutral alumina topped with a layer of Celite and elution with DCM.
With this reagent in hand, optimization studies on its SuzukiMiyaura coupling with 4-amino-3-chloropyridine 1 were carried out ( Table 1) . Commonly used Suzuki-Miyaura conditions failed (entry 1) or gave up to 5% product when forced at high temperature under microwave conditions (entry 2). Buchwald et al. have shown the use of a catalyst generated in situ from 2-dicyclohexylphosphino-2 0 ,6 0 -dimethoxybiphenyl (SPhos) and Pd(OAc) 2 to be particularly good for Suzuki-Miyaura-type cross-couplings with aryl chlorides. 21 Unfortunately, with substrate 1 in refluxing THF no product was formed (entry 3). However, repetition at higher temperature in dioxane (entry 4) did provide a very small amount of the product. The addition of extra Pd(OAc) 2 /SPhos and/or borolane 5 did not push the reaction any further. Reaction at an even higher temperature using a sealed tube under microwave conditions gave the same result (entry 5). Furthermore, neither increasing the catalyst loading to 20 mol % nor using Pd(dba) 2 as a source of Pd(0) gave any significant increase in yield.
Alternative regioisomers 3-chloro-2-aminopyridine and 2-chloro-3-aminopyridine and the more reactive 4-amino-3-bromopyridine also did not couple with borolane 5 beyond 3% yield under these conditions.
To eliminate the possibility that ethoxyvinylborolane 5 cannot couple or decomposes under these conditions, it was tested in a reaction with 4-chloroaniline 7, previously shown to couple efficiently with a range of borolanes.
21 This reaction was successful, giving 52% product (entry 1, Table 2 ). Conversely, 2,4-difluorophenylboronic acid reacted minimally with 4-amino-3-chloropyridine 1. Since 2,4-difluorophenylboronic acid has been shown to readily undergo Suzuki-Miyaura couplings, it was thought that the aminopyridine compounds (starting material, an intermediate or the small amount of product produced) were poisoning the catalyst by complexing palladium. 13 This has been noted previously in similar systems by Lautens 22 and was SCHEME 1. Desired Synthetic Conversion SCHEME 2. Synthesis of Ethoxyvinylborolane 5 supported by further experiments shown in Table 2 : addition of 1 equiv of 4-amino-3-chloropyridine 1 to the normally successful reaction with chloroaniline 7 effectively halted the reaction (entry 2). Furthermore, only 6 mol % of 1 reduced the yield from 52% to 35%. The similarly basic ethoxyvinylaminopyridine product 6 also inhibited the reaction, though to a slightly lesser degree (entries 3 and 4). We hypothesized that an alternative ligand might prevent complexation of palladium by the aminopyridines so a screening of several ligands was performed. However, under the same conditions, Pd(PPh 3 ) 4 , PdCl 2 (dppf), Pd(OAc) 2 /(adamantyl) 2 -BuP, 23 Pd(OAc) 2 /XPhos 24 and Pd(OAc) 2 /2-(dimethylamino)-2 0 -dicyclohexylphosphinobiphenyl 25 in combination with either K 3 PO 4 or Cs 2 CO 3 as base (entry 6, Table 1 ) gave no detectable product by LC. Itoh has shown that, under the same conditions, bis(di-tert-butylphosphino)ferrocene (D-t-BPF) is a particularly good ligand for the Suzuki-Miyaura coupling of NH 2 -substituted heterocycles. 13 Again, with our substrate, only a trace amount of product was formed (entry 7, Table 1 ). Further research with SPhos showed that the use of toluene at reflux resulted in no reaction but DMA at 120°C promoted a fast reaction which stopped at 10% product after 30 min. A significant improvement was achieved with MeCN which gave a yield of 34% but only after 72 h at reflux (entry 8, Table 1 ). Finally, use of a 3:2 mixture of MeCN/H 2 O, as used by Buchwald et al., gave 31% yield overnight (entry 9, Table 1 ). 26 Further optimization, shown in Table 3 , revealed that K 3 PO 4 was the most effective base of those tested (entries 1-4), a ligand to Pd ratio (P:Pd) of 2.5:1 was best (entries 4-6) and the use of 2.0 equiv of borolane 5 was optimum (entries 7-9). SPhos/Pd(OAc) 2 is still the catalyst of choice in this solvent mixture as tests with Pd(PPh 3 ) 4 , PdCl 2 (dppf ), and Pd(OAc) 2 /D-t-BPF gave no product or ∼5% (LC yield) with the latter.
Upon finding successful coupling conditions (entry 8, Table 3, hereafter named method A), the scope of the reaction was assessed with a range of substrates (Table 4 ) including all pyridine regioisomers. All substrates reacted in good to high yields except for 2,4-dichloro-5-aminopyrimidine (entry 10) and 2-chloroaniline (entry 12) which produced a range of unidentified decomposition products. Of the pyridines, the 4-amino-3-halopyridines gave the lowest yields (entries 2 and 5) which is attributed to their strong Lewis basicity and the unreactive position of the halide, as described above.
The Suzuki-Miyaura products 10 were all successfully cyclized to the desired azaindoles 11 in good to excellent yields using acetic acid.
It was thought that the change in solvent system to include water might allow the reaction to work because of the in situ generation of KOH. Accordingly, NaOH was the base used by Suzuki to couple ethoxyvinylboranes with iodoanilines. 17 We tested this hypothesis in three experiments on substrate 1 (entry 2, Table 4 ) by using KOH in MeCN (method B), dioxane (method C), and the MeCN/H 2 O mixture (method D). The reaction proceeded to an extent in all solvents, but MeCN gave the highest yield thus far with substrate 1. The yield could be further increased to 69% by doubling the amount of catalyst. Interestingly, use of KOH in the MeCN/ H 2 O mixture gave a low yield of product. One possible explanation for these results is a requirement for a constantly small concentration of KOH which might arise through partial solubility (in MeCN or dioxane) or by existing in equilibrium with K 3 PO 4 and water.
Interestingly, use of KOH in MeCN (method B) with the more sensitive substrates 4-chloro-3-aminopyridine (entry 3), 3-bromo-4-aminopyridine (entry 5), and dichloroaminopyrimidine (entry 10) gave considerably lower yields, the latter giving a complex mixture of products. On the other hand, the yield of product formed from chloroaniline using these conditions was quantitative (method B, entry 12), a dramatic increase from that using the original conditions of method A.
Although the 3-position of azaindoles can be substituted readily by well-known halogenation and cross-coupling, 27 it was still of interest to see if this substitution could be achieved using 1-substituted borolanes. Thus, n-butyl-substituted borolane 13 was synthesized as shown in Scheme 3. Unfortunately, using method B, this compound did not couple at all with 4-amino-3-chloropyridine 1, leaving only starting material. To check that borolane 13 was indeed active, it was coupled with the simpler and more reactive iodoaniline 14. This reaction went in 74% yield (and the product was readily cyclized to the 3-substituted indole 16). These results might indicate that the 1-substituted borolane, though functional, requires more reactive iodo-Pd-Ar intermediates to overcome its own steric hindrance-mediated lack of reactivity.
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Conclusion
A two-step procedure has been established that yields an unprecedented range of aza-and diazaindole isomers from chloro-or bromoamino-N-heterocycles, including all pyridine regioisomers, without the need of protecting groups. The first step, a Suzuki-Miyaura coupling with an ethoxyvinylborolane, has been fully investigated to find the optimum conditions which involve using 3 mol % of SPhos/Pd(OAc) 2 (2.5:1) as catalyst in refluxing MeCN/ H 2 O (3:2) with K 3 PO 4 as base or, when more forcing conditions are required, in refluxing MeCN with KOH as base. The second step, acetic acid-catalyzed cyclization to form the azaindole, takes place readily to afford the azaindoles in high yields. As intended, this route does not introduce a substituent in the 2-position.
Experimental Section
(E)-2-(2-Ethoxyvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5). Ethoxyethyne (40% w/w solution in hexane, 6.25 mL, 35.7 mmol) was dissolved in DCM (60 mL) under N 2 and cooled to 0°C. To this was added 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5.69 mL, 39.2 mmol) followed by the catalyst bis(cyclopentadienyl)zirconium(IV) chloride hydride (0.55 g, 2.1 mmol). The reaction mixture was warmed to rt and stirred overnight. It was then filtered through a pad of neutral alumina topped with a layer of Celite and eluted with DCM. Fractions containing product (TLC) were combined, evaporated, and dried in vacuo to give the title compound as a pale orange oil (6. General Procedure for the Suzuki-Miyaura Coupling Reaction ( Table 4) . The appropriate starting aminoheterocycle (0.23-0.78 mmol), base (2 equiv, for type see Table 4 ), and 2-(2-ethoxyvinyl)pinacolatoborolane (2 equiv) were added to a carousel tube and put under nitrogen using the vacuum/nitrogen line. The solvent (volume to make a 0.1 M solution of substrate, for type see Table 4 ) was added, and the solution was briefly degassed by applying vacuum until boiling occurred and then flushed with nitrogen (Â3). Palladium(II) acetate (3 mol %) and SPhos (7.5 mol %) were added, and the mixture was further degassed as described above. This mixture was then heated at reflux overnight after which time the reaction was worked up by 
